In patients with non-insulin-dependent diabetes mellitus (NIDDM) and matched control subjects we examined the interrelationships between in vivo nonoxidative glucose metabolism and glucose oxidation and the muscle activities, as well as the immunoreactive protein and mRNA levels of the rate-limiting enzymes in glycogen synthesis and glycolysis, glycogen synthase (GS) and phosphofructokinase (PFK), respectively. Analysis of biopsies of quadriceps muscle from 19 NIDDM patients and 19 control subjects showed in the basal state a 30% decrease (P < 0.005) in total GS activity and a 38% decrease (P < 0.001) in GS mRNA/tjg DNA in NIDDM patients, whereas the GS protein level was normal. The enzymatic activity and protein and mRNA levels of PFK were all normal in diabetic patients. In subgroups of NIDDM patients and control subjects an insulin-glucose clamp in combination with indirect calorimetry was performed. The rate of insulin-stimulated nonoxidative glucose metabolism was decreased by 47% (P < 0.005) in NIDDM patients, whereas the glucose oxidation rate was normal. The PFK activity, protein level, and mRNA/jig DNA remained unchanged. The relative activation of GS by glucose-6-phosphate was 33% lower (P < 0.02), whereas GS mRNA/,jg DNA was 37% lower (P < 0.05) in the diabetic patients after 4 h of hyperinsulinemia. Total GS immunoreactive mass remained normal. In conclusion, qualitative but not quantitative posttranslational abnormalities of the GS protein in muscle determine the reduced insulin-stimulated nonoxidative glucose metabolism in NIDDM. (J. Clin. Invest. 1993. 91:2342-2350 Key words: NIDDM * skeletal muscle * glycogen synthase protein -phosphofructokinase protein * mRNA
Introduction
When whole body glucose clearance is measured in man using the euglycemic, hyperinsulinemic clamp method, -75% of glucose is cleared by skeletal muscle tissue (see reference 1 for review). Once glucose has been taken up by skeletal muscle, it is irreversibly phosphorylated by hexokinase II to glucose-6-phosphate (G6P)' and routed into either glucose 90%; reference 1). In the low range of physiological hyperinsulinemia, glycogen synthesis and glycolysis are of equal quantitative importance (2) . However, with increasing plasma insulin levels glycogen synthesis becomes the predominant pathway of glucose disposal (2, 3) . Glycogen synthase (GS), which is a key enzyme in the muscle glycogen synthesis pathway, exists in an active dephosphorylated form and a less active phosphorylated form (4, 5) . The two forms of the enzyme are interconverted by protein kinase and phosphatase reactions (4-6) with G6P allosterically activating the phosphorylated form of GS, whereas insulin acts covalently on GS by reducing and increasing the activities ofspecific kinases and phosphatase, respectively (7, 8) . Phosphofructokinase (PFK) is a key step in muscle glycolysis (9) , catalyzing the transformation of fructose-6-phosphate (F6P) to fructose-1,6-diphosphate (Fl ,6P2), a process that is allosterically regulated by several metabolites (9) .
Under clamp conditions of euglycemia and hyperinsulinemia, glucose clearance in patients with non-insulin-dependent diabetes mellitus (NIDDM) is characteristically decreased by 30-50%, with glucose storage being the quantitatively most affected pathway ( 1 ) . Muscle glucose transport and GS are both insulin stimulated and each has separately been suggested to be responsible for the reduced rate ofinsulin-stimulated glucose disposal in NIDDM patients. Thus, impaired insulin-stimulated 3-O-methylglucose transport in muscle strips isolated from NIDDM patients has been reported (10, 11) . Furthermore, studies in healthy volunteers and insulindependent diabetic subjects show that glucose transport is rate limiting for overall glucose disposal over a wide range of plasma insulin and glucose levels ( 12, 13) . In patients with NIDDM, measurement of the muscle content of G6P by 31P nuclear magnetic resonance during a hyperglycemic-hyperinsulinemic clamp showed a decrease in both G6P and nonoxidative glucose metabolism when compared with healthy controls. These findings are consistent with a defect in glucose transport or phosphorylation reducing the rate ofmuscle glycogen synthesis ( 14) .
However, the latter suggestion is challenged by the results from two other groups of investigators ( 15, 16) . When NIDDM patients and matched control subjects were examined with muscle biopsy sampling during similar glucose utilization rates and circulating insulin levels, diabetic patients had an increased intracellular concentration of free glucose and G6P glucose-6-phosphate; GS, glycogen synthase; HGO, hepatic glucose output; NEFA, nonesterified fatty acids; NIDDM, non-insulin-dependent diabetes mellitus; PFK, phosphofructokinase; Rd, total glucose disposal rate.
in muscle tissue, indicating that the rate-limiting step in muscle glucose metabolism in patients with NIDDM is located after G6P. Moreover, several abnormalities in the activation of GS in muscle from patients with NIDDM have been reported. In some (17) (18) (19) but not all (20) (21) (22) ) studies a reduced GS activity ("total" GS activity) in the presence of a saturating concentration of G6P has been found. Other investigations have shown an impaired GS activity in the presence of physiological concentrations of G6P (22, 23) or insulin-resistant in vivo activation of GS (24) . Moreover, we recently found an impaired mRNA expression of GS in muscle from NIDDM patients, suggesting defective pretranslational regulation ( 19) . The activity of PFK has been reported to be normal or decreased in muscle tissue from patients with NIDDM (25, 26) , whereas mRNA or protein expression ofthis gene in human muscle has not been investigated.
Recently, cDNAs encoding human skeletal muscle GS (27) and PFK (28) were cloned and sequenced. The polypeptide encoded by the GS gene comprises 737 amino acids, whereas the gene for PFK encodes a protein of 780 amino acids. Based on the predicted amino acid sequences, we have raised polyclonal antipeptide antibodies against both enzymes. Hence, to gain further insight into the abnormal glucose metabolism of skeletal muscle from patients with NIDDM, during basal and insulin stimulated conditions we have examined the interrelationships between in vivo glucose clearance (oxidative and nonoxidative glucose metabolism) and muscle activities as well as immunoreactive protein and mRNA levels of GS and PFK in insulin-resistant NIDDM patients and matched healthy control subjects.
Methods
Subjects. 19 subjects with NIDDM and 19 normal subjects participated in the study. All were Caucasians and sedentary. The control subjects had normal fasting plasma glucose, normal blood pressure, and no family history ofdiabetes. Clinical data are presented in Table I . Individuals with NIDDM as defined by the National Diabetes Data Group (29) were recruited from the outpatient clinic at Steno Diabetes Center. Only NIDDM patients with a fasting serum C-peptide level > 0.3 nmol/liter were included in the protocol. 10 patients were on sulfonylurea therapy, 2 were on insulin therapy, and 7 were on weightmaintaining diet therapy alone. The diets typically contained 45% carbohydrates, 40% To examine the regulatory effects of insulin in vivo on the enzyme activities of GS and PFK and their specific immunoreactivities and mRNA levels in muscle biopsies, a euglycemic hyperinsulinemic clamp in combination with indirect calorimetry was carried out for 4 h in nine ofthe NIDDM patients and seven ofthe control subjects. At the end ofthe clamp period a second muscle biopsy was taken at a distance of 5 cm from the first one.
Euglycemic hyperinsulinemic clamp. Each clamp lasted for 6 h: a 2-h basal period followed by a 4-h hyperinsulinemic glucose clamp with a muscle biopsy at the end of each study period. Details of the clamp technique have been described previously (30 Glucose and lipid oxidation. Indirect calorimetry was performed using flow through a canopy gas analyzer system (Deltatrac Metabolic Monitor; Datex, Helsinki, Finland). Briefly, air was suctioned at a rate of 40 liters/ min through a canopy placed over the head of the subject. Samples of the inspired and expired air were analyzed for oxygen concentration using a paramagnetic differential oxygen sensor and for carbon dioxide using a infrared carbon dioxide sensor. Signals from the gas analyzers were processed by the computer, and oxygen consumption and carbon dioxide production were calculated and recorded once per minute. After an equilibration period of 10 min, the average gas exchange rates recorded over the two 30-min steady-state periods were used to calculate rates ofglucose oxidation and lipid oxidation. Protein oxidation rate was estimated from urea nitrogen excretion ( 1 g nitrogen = 6.25 g protein). Rates of oxidation were calculated from Frayn's equation (33) . The nonoxidative glucose metabolism was calculated as the difference between Rd and glucose oxidation, as determined by indirect calorimetry.
Determination ofGS and PFK activities. Extraction ofmuscle samples, analysis ofprotein, and assays for GS were performed as described previously (34) . GS activity was assayed in duplicate in the absence or presence of seven concentrations (0-6.7 mM) of G6P. Total activity refers to the GS activity in the presence ofa saturating concentration of G6P (6.7 mM). The concentration ofUDP-[U-`4C]glucose (New England Nuclear, Boston, MA) in the reaction mixture was 0.13 mM. GS activity was expressed as nanomoles UDP-glucose incorporated into glycogen per minute per milligram soluble protein in the homogenate. Fractional velocities were calculated as GS activity in the presence of subsaturating levels of G6P divided by GS activity in the presence of 6.7 mM G6P. The concentration of G6P giving half-maximal stimulation of GS (A05 for GS) was calculated using the Hill plot (35) . When different samples (n = 9) from the same muscle biopsy were analyzed, the interassay coefficients of variation were 0.12 for AO. and 0.13 for total GS activity.
PFK activity was assayed spectrophotometrically in duplicate in supernatants of muscle extracts by a modification of the method of Beutler (36) . The assay coupled the conversion of F6P to F1,6P2 with the oxidation ofNADH by means ofa series ofenzymatic steps including aldolase, triose phosphate isomerase, and a-glycerolphosphate dehydrogenase. All three "auxiliary" enzymes were added to the reaction. Activity of PFK was assayed in the presence of 0.1, 0.5, and 2.0 mM F6P. Maximal PFK enzyme activity was calculated using the Michaelis-Menten equation. PFK activity was expressed as nanomoles of F6P converted per minute per milligram of extracted protein. The interassay coefficient of variation was 0.10 (n = 6). To exclude any influence of day-to-day variation in the measurement ofenzyme activities, muscle samples from healthy subjects and NIDDM patients were prepared and analyzed pairwise at the same time.
Preparation ofGS and PFK antipeptide antibodies. Peptides containing the 9 amino acid GS-carboxy terminus ([NH2]-TSSLGEERN) and the 9 amino acid PFK-carboxy terminus ([NH2]-KRSGSEAAV) were synthesized (Kem-En-Tec; Copenhagen, Denmark), and were each coupled to BSA using glutaraldehyde. 2 ml 0.4% (vol/vol) glutaraldehyde (Sigma G 5882; Sigma Chemical Co., St. Louis, MO) in 0.01 M phosphate buffer, pH 7.2, was added dropwise to a mixture of 3 mg peptide and 28 mg BSA (RIA grade, Sigma A 7888; Sigma Chemical Co.) dissolved in 4 ml 0.01 M phosphate buffer, pH 7.2. Stirring was continued for 4 h at room temperature and overnight at 4°C, respectively. The product was dialyzed against 0.01 M phosphate and 0.15 M NaCl buffer, pH 7.2. Two rabbits were immunized by subcutaneous injections on days 0, 14, 28, 56, and 84 with 0.1 mg conjugate contained in a volume of0.5 ml mixed with 0.5 ml adjuvant. The first injection was made with Freund's complete adjuvant and the rest with Freund's incomplete adjuvant. The animals were bled at days 35, 63, and 91. From each date serum from the two rabbits was pooled. Rabbit immunoglobulin was purified from the serum by precipitation with caprylic acid as described (37) .
Immunoblotting. 15-20 mg of frozen muscle (1 mg tissue/20 01 buffer) was homogenized at 4°C at 2,000 rpm for 45 s in a buffer, pH 7.4, consisting of 25 mM Hepes, 10 mM K-EDTA, 100 mM NaF, 1% (vol/vol) Triton X-100, 1 mM benzamidine, 900,000 kU/liter Trasylol (aprotinin), and 2 mM PMSF. Connective tissue and insoluble cell constituents without measurable GS or PFK immunoreactivities were removed from homogenate by centrifugation at 6,000 gn. ( SDS-PAGE gel with a 4% stacking gel. A human muscle protein standard preparation was run on each gel in triplicate and used to correct for intergel variations in the immunoblots. Prestained molecular weight markers were from Bio-Rad Laboratories (Richmond, CA).
The proteins were electrophoretically transferred to a 0.45-,gm nitrocellulose membrane (200 V for 2 h at 0-40C; Bio-Rad high efficiency transfer system with plate electrons). After blocking with 5% (wt/vol) BSA, 20 mM Tris, and 500 mM NaCl, pH 7.5, for 12-24 h the membranes were incubated with either GS (1:250,000) or PFK (1:25,000) antibodies for 12-24 h at 4VC. After washing, blots were incubated with 35S-protein A (Amersham Corp., Arlington Heights, IL), 0.2 MCi/ml buffer for 1 h at 20'C. Quantitative scanning of autoradiograms was performed within the linear response range, as determined by standard curves of total GS and PFK proteins using a flying spot densitometer (model CS 9000; Shimadzu Corp., Tokyo, Japan). Studies of the immunoreactivity of GS or PFK in muscle specimens from NIDDM patients and controls were run in parallel at the same time. When six different samples from the same muscle biopsy were analyzed, the interassay coefficient of variation was 0. 1 for both GS and PFK.
To examine the specificity of the raised antisera, these were tested against purified GS (Sigma G 2259) and fructose-6-phosphate kinase (Sigma F 6877) isolated from rabbit skeletal muscle. Each antiserum gave a clear single band with a molecular mass of84 and 85 kD, respectively, when tested with purified GS and PFK proteins. Absorption of the antisera with the peptides that were used to immunize the rabbits resulted in complete disappearance of the bands at 84 and 85 kD, respectively.
RNA extraction and analysis. RNA extraction from muscle biopsies was performed as a modification of the method described by Chomczynski and Sacchi (39) . Quantity and purity of RNA were determined by absorbance at 260 and 280 nm. To recognize the size of the transcripts of GS and PFK, to ensure specificity of the cDNA probes, to check for background contamination, and to examine if the transcript sizes were affected by diabetes or insulin infusion, Northern blot analysis was performed. After denaturation, 1.5 ug/lane of total RNA was loaded on 1.2% (vol/vol) formaldehyde-agarose gels, blotted, and fixed onto nylon membranes (Gene Screen; Du Pont Co., Wilmington (40) . The filters were washed with 0.5x SSC at 550C before autoradiography. To quantitate mRNAs of GS and PFK, the slot blot technique (Bio Dot SFh; Bio-Rad Laboratories) was used. Before slot blot analysis the integrity of the RNA in each sample was controlled on a 1.0% agarose gel. Ribosomal bands were visualized by ethidium bromide staining and subsequent ultraviolet illumination. No signs of degradation were found in any of the samples used for slot blot analysis. Total muscle RNA was applied (1.5 ug/slot) to a nylon membrane and filters were hybridized with cDNA probes for GS and PFK, respectively, as described above. The abundance of GS and PFK mRNA was determined within the linear response range by scanning densitometry (model CS 9000 flying spot densitometer; Shimadzu Corp.). The interassay coefficient of variation for measurement of both GS and PFK mRNA was 0.07 (n -= 6).
Other analytical procedures. Glucose in plasma and urine was measured by a hexokinase method (41) , Serum insulin and C-peptide concentrations were analyzed by RIA (42, 43) . HbAjC was measured by isoelectric focusing (44) , normal range 4.1-6.1%. Tritiated glucose in plasma was analyzed as described previously (45) . NEFA in plasma were determined by the method of Itaya and Michio (46) . DNA was measured spectrofluometrically (47) .
Statistical analysis. Nonparametric statics were used: the MannWhitney test for unpaired data, the Wilcoxon test for paired data, and Spearman's rho for correlation analysis. P values < 0.05 were considered significant. All data in the text and figures are given as mean±SE.
Results
Glucose and lipid metabolism in vivo. In the basal period ofthe clamp study, no difference in oxidative and nonoxidative glucose metabolism between the diabetic and control groups was shown (37±4 vs. 33±8 mg/m2 per min and 48±4 vs. 44±7 mg/im2 per min). Both glucose disposal rate and oxidative and nonoxidative glucose metabolism increased significantly (P < 0.03) from the basal state to the hyperinsulinemic state in diabetic subjects as well as in healthy volunteers. However, after 4 h of insulin infusion, glucose disposal and nonoxidative glucose metabolism were significantly lower in the diabetic subjects compared with controls (325±31 vs. 539±46 mg/m2 per min, P < 0.01 and 209±29 vs. 403±39 mg/im2 per min, P < 0.005, respectively; Fig. 1 ). Glucose oxidation rates after insulin stimulation were similar in the two groups. No difference was seen between the diabetic and control subjects in lipid oxidation in the basal period (42±2 vs. 48±5 mg/im2 per min, NS). In both groups lipid oxidation was significantly suppressed after hyperinsulinemia (P < 0.03). Again, there was no difference between the two groups (17±4 vs. 16±2 mg/im2 per min, NS).
Glycogen synthase activity. Total GS activity (i.e., in the presence of a saturating concentration of the allosteric activator G6P) was 30% higher in the entire group ofcontrol subjects (34.9±2.2 vs. 24.5±1.6 nmol/mg protein per min, P < 0.005) as compared with the entire group of diabetic patients when measured at the basal serum insulin level (Table II 41 .1+5.5%, P < 0.02), as well as in the diabetic group (from 13.9±0.9 to 33.4±3.4%, P < 0.02). There was a tendency, although nonsignificant (P = 0.1), toward higher insulin responsiveness of GS activation above basal level in the control subjects. No significant correlation was shown between changes in fractional velocity at a G6P concentration of 0.1 mM and changes in nonoxidative glucose metabolism even when data from the two groups of subjects were pooled (r = 0.41, P = 0.10).
The allosteric activation of GS by G6P showed that AO.5 (the G6P concentration that half-maximally stimulates the enzyme) decreased significantly from the basal to the hyperinsulinemic step in the control group (from 0.47±0.04 to 0.15±0.03 mM, P < 0.001), as well as in the diabetic group (from 0.40±0.04 to 0.18±0.04 mM, P < 0.02). No difference was seen in the absolute response between the groups. However, the decrement in Ao05 was numerically higher in the control group compared with the diabetic group (0.32±0.03 vs. 0.22±0.03 mM, P < 0.02); i.e., the relative activation ofGS by G6P was 33% lower in diabetic subjects.
Phosphofructokinase activity. No difference between diabetic and control subjects was seen in the activity ofPFK at any concentration of F6P (Table II) . The PFK enzyme activities were unaffected by insulin infusion for 4 h (data not shown). The calculated maximal basal PFK enzyme activity was similar to the activity measured at the high concentration of F6P. Again, no difference was seen between the two groups (347±53 Table I ). Bottom, Quantitation of slot blots of GS mRNA levels with densitometry showed a 38% decrease in NIDDM patients (P < 0.005)-GS and PFK immunoreactive protein levels. The amount of GS and PFK immunoreactivities in homogenates from human skeletal muscle was quantitated by immunoblotting using antipeptide antisera specific for GS and PFK. In all participants a dominant band of -84 and of 85 kD, respectively, was identified for GS and PFK immunoreactive proteins (Figs. 2 A  and 3 A) .
Densitometric scanning of autoradiograms showed no difference between entire groups in the relative level ofGS or PFK protein in the basal state when results were normalized for equal amounts ofprotein. GS: 92±4 (n = 18 controls) vs. 89±5 OD units/ 100 ,g protein (percentage of internal standard) (n = 19 diabetics, NS; Fig. 2 A) ; PFK: 94±4 (n = 17 controls) vs.
98±5 OD units/ 100 ,ug protein (percentage of internal standard) (n = 18 diabetics, NS; Fig. 3 A) . Expressing the GS and PFK immunoreactivities per muscle DNA did not change the interpretation of results since the amounts of DNA recovered were similar in both groups (Table III) . 4 h of euglycemia and hyperinsulinemia did not give rise to any significant change in the immunoreactive protein level of GS in either ofthe clamped subgroups. GS: basal state 99±3 (n = 7 controls) vs. 95±7 OD units/ 100 ,g protein (percentage of internal standard, n = 9 diabetics, NS); GS: hyperinsulinemic state 99±3 (n = 7 controls) vs. 98±5 OD units/ 100 ,gg protein (percentage of internal standard, n = 9 diabetics NS; Fig. 4 A) . Interestingly, using the COOH-terminal antipeptide antibody against GS, we were able to recognize that more minor bands with apparent molecular masses of 80-82 kD were dissociated from the dominant band with a Mr of 84 kD. The increased electrophoretic migration ofGS immunoreactivity may reflect the dephosphorylating effect of insulin on GS. No correlations were found between levels of GS protein and total GS activity either in the basal state (r = 0.12, P = 0.51) or during hyperinsulinemia (r = 0.14, P = 0.60). Similarly, studies in the subgroups showed no regulatory impact of hyperinsulinemia on PFK protein levels (Fig. 4 B) . No correlations were found between levels of PFK protein and maximal PFK enzyme activity either in the basal state (r = 0.27, P = 0.13) or during hyperinsulinemia (r = -0.07, P = 0.80). Control GS and PFK mRNA levels. In Northern blot analysis the GS cDNA recognized a single transcript of 3.6 kb, the size of which was unaffected by diabetes and insulin infusion (Fig. 2  B) . Loading slot blots with equal amounts of total RNA per slot, the abundance ofthe specific GS mRNA showed a two-to threefold variation within each group. In the basal state the mRNA level for GS was decreased by 30% in the total group of NIDDM patients (23,004±1,794 [n = 19 diabetics] vs.
31,478±2,064 [n = 19 controls] OD units/ 1.5,ug total RNA, P < 0.001). At the end of the clamp period the level of GS mRNA was still 30% lower (P < 0.03) in the diabetic subject (data not shown). When expressing our data relative to the DNA content of muscle, we found 38% higher GS mRNA levels in the control group compared with the diabetic group (P < 0.005). No correlations were found between levels of GS mRNA and GS protein either in the basal state (r = -0.11, P -0.51) or after 4 h ofhyperinsulinemia (r = 0.075, P = 0.78). Concerning PFK, the cDNA recognized a single transcript of 3.0 kb in both diabetic and control subjects (Fig. 3 B) . The abundance of the specific PFK mRNA showed a four-to fivefold variation within each group. No significant difference was seen in the level of mRNA in the basal state (17 Figure 4 . A euglycemic-hyperinsulinemic clamp (2 mU/kg per min) was carried out for 4 h in nine NIDDM patients and seven control subjects (cf. Fig. 1 (2, 21, 24) . Studies of glucose-tolerant first-degree relative of NIDDM patients have shown significantly reduced insulin-stimulated nonoxidative glucose metabolism (48) and a reduced activation of muscle glycogen synthase (49), suggesting an inherited abnormality of this metabolic pathway. Confirming several previous reports ( 17, 18, 22, 23) , we found that patients with NIDDM were characterized by a 47% reduction in insulin-stimulated nonoxidative glucose metabolism rate and an -30% reduction of total GS activity in muscle tissue in the basal state as well as a 33% lower relative activation of GS by G6P after in vivo insulin exposure for 4 h. Furthermore, in a recent study we have shown a 39% reduction in the level of GS mRNA per microgram of DNA of muscle from insulin-resistant patients with NIDDM (19) . The latter finding was confirmed in this study. Most (see reference 1 for review) but not all (20) previous investigations have also demonstrated positive correlations between the overall insulin-stimulated nonoxidative glucose metabolism and the activity of muscle GS. Probably due to the low number of subjects who were submitted to insulinglucose clamp in this study, the positive correlation between changes in nonoxidative glucose metabolism and changes in fractional velocity of GS failed to reach statistical significance (r = 0.41, P = 0.01).
To estimate the relative posttranslational level ofGS on the basis ofimmunoreactivity after blotting we have raised an antipeptide antibody against the COOH terminus of the human muscle GS. In homogenate of muscle biopsies taken in the basal state the antibody recognized a dominant and specific band with an apparent M, of 84 kD, which corresponds to the cDNA-predicted molecular mass for human muscle GS (83,645 D) (27). However, densitometric scanning of autoradiograms showed no difference in the relative level ofimmunoreactive GS protein between NIDDM patients and matched control subjects. This disparity between the mRNA and protein expression ofthe GS gene in NIDDM suggests a difference in turnover rates which might be related to either an increased translatability of GS mRNA or an increased GS protein stability in patients with NIDDM. In favor of increased protein stability is a study in normal man using infusion oflabeled amino acids to estimate protein turnover under postabsorptive and hyperinsulinemic conditions (50 (52, 53) . Studies in rabbit skeletal muscle have demonstrated that GS is phosphorylated on nine serine residues in vivo by means of five or more protein kinases. Phosphate release in response to insulin is mainly removed from one tryptic peptide containing three phosphoserine residues, termed 3a, 3b, and 3c, in the highly phosphorylated COOH-terminal end of the enzyme (8, 52) . Therefore, insulin activates GS either by inhibiting GS kinase-3, (the protein kinase that specifically phosphorylates sites 3a-c [54] ) or by stimulating protein phosphatase-1 (the principal enzyme dephosphorylating GS [55, 561] ). Using reverse phase HPLC of complete tryptic digests ofpurified muscle GS, it has been demonstrated in some (53, 54) but not all (52) studies that the phosphate content of sites 3a-c and the neighboring site 2 is selectively elevated in alloxan-induced, hyperinsulinemic diabetic rabbits. These abnormalities are reversible by insulin treatment (53, 54) . It is known that the degree of phosphorylation of a polypeptide may induce changes in the electrophoretic migration on an SDS-polyacrylamide gel. In fact, it has been shown that the phosphorylation of purified GS from rabbit and rat skeletal muscle (57, 58) is correlated with reduced electrophoretic migration from an apparent Mr of 85 kD to 88 or 90 kD. However, with our antipeptide antibody against the COOH terminus of the GS protein, we did not detect any difference in the apparent Mr of GS between well-treated NIDDM patients with mild hyper-insulinemia and control subjects either in the basal state or after 4 h of in vivo insulin exposure.
Phosphofructokinase. Glycolysis, and especially oxidative glycolysis (glucose oxidation), represents the other major fate of whole body glucose disposal. The flux through this pathway has also been shown to be reduced in NIDDM patients when measured at low physiological plasma insulin levels (1). However, in glucose-tolerant first-degree realtives of NIDDM individuals insulin-mediated glucose oxidation is reported to be normal (48, 49) . This finding suggests that the impaired glucose oxidation in overt NIDDM may be an acquired abnormality. Furthermore, based on recent data from studies of patients with type VII glycogenosis, an autosomal recessive disorder characterized by a complete lack of the catalytically active muscle type of PFK, it is unlikely that alterations in the PFK protein play any determinant role in the pathogenesis of glucose intolerance or insulin-resistant glucose utilization. Thus, these patients have normal fasting plasma glucose and insulin levels and respond normally to a 75-g oral glucose load (59) . In 2348 addition, despite a total block of muscle tissue glycolysis as documented by muscle accumulation of hexose monophosphates and glycogen and depletion of glycolytic intermediates beyond the metabolic block, a euglycemic, hyperinsulinemic clamp study showed normal whole body glucose disposal rates in these patients (59) .
The activity of the key regulatory enzyme of glycolysis in muscle, PFK, has been subject to only a few studies in patients with NIDDM where both decreased (26) or normal (25) PFK activities have been reported. In this investigation we did not demonstrate any difference between diabetics and controls in PFK activities in the basal state or after in vivo insulin exposure.
Human PFK exists as three subtypes, M (muscle), L (liver), and P (platelet), encoded by different genes (see reference 60 for review). All PFKs are polymeric, and muscle PFK is a tetramer. Based on the cDNA sequence, the predicted molecular mass of each M subunit is 85,000 D (28) . Recently, it was found that the transcript encoding human muscle PFK undergoes alternative splicing with an alternatively spliced PFK variant lacking the sequence encoded by exon 9 (61) . Expression of the alternatively spliced PFK results in the synthesis ofa polypeptide lacking 31 amino acids in the amino-terminal half of the subunit. This sequence encodes amino acids predicted to bind the substrate, F6P, and the allosteric modulators, Fl,6P2 and F2,6P2 (61 ). Since our antipeptide PFK antibody was raised against nine amino acids in exon 24, it did not allow us to differentiate the relative expression of the alternatively spliced PFK between diabetic and control subjects. However, we did not find any difference between the diabetic and control groups in the total immunoreactive level of human muscle PFK either in the basal period or after 4 h ofhyperinsulinemia. Cloning and sequencing of the PFK cDNA from human skeletal muscle (28) also made it possible to examine the pretranslational regulation of PFK. Northern blot analysis revealed a 3.0-kb transcript, the size of which was unaffected by diabetes and insulin infusion. Quantitation of PFK mRNA by slot blot analysis did not show any significant difference between the groups.
In conclusion, in slightly obese, hyperinsulinemic NIDDM patients with mild hyperglycemia we have found an impaired insulin-mediated nonoxidative glucose disposal rate together with a reduced functional mass of muscle GS; i.e., diminished total activity of GS in the basal state and an impaired insulinstimulated activation of GS in the presence of the allosteric activator G6P. Northern and slot blot analyses revealed a change of the GS gene product with a significantly decreased level of GS mRNA. Using an antipeptide antibody against GS it was shown, however, that the immunoreactive mass of GS was normal in muscle from NIDDM patients, emphasizing that the qualitative posttranslational alterations of GS are likely to be determinant for the reduced glycogen synthesis rate in these subjects. The same NIDDM patients were characterized by normal insulin-stimulated glucose oxidation rates, normal muscle PFK activities, and normal muscle PFK protein and mRNA levels.
